Abstract-An experimental investigation of apparent solidification contact angle formed in deposition of ink droplets on solid surfaces as occurs in solid inkjet printers is presented. The apparent solidification contact angles of 39 µm diameter droplets of hot-melt ink impacting on sub-cooled solid surfaces under different printing conditions are obtained. The printing conditions were varied by varying four parameters: the type of substrate, the distance between the substrate surface and printhead, the substrate temperature, and the printhead jetting temperature. It is found that the apparent contact angle is not only dependent on the substrate material and substrate temperature but also has strong dependence on the impact velocity and temperature of the droplet. Explanation is provided by considering the coupling effect of viscous damping and impact process.
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INTRODUCTION
In a solid inkjet printer, the printhead jets an image first onto an intermediate transfer drum. Once the complete image has been deposited on the transfer drum, the page is brought into contact with the drum through a high-pressure nip and the image is transferred onto paper [1] . Instead of water-based inks, solid inkjet printers use hot-melt inks (wax-based) in that they are in solid state at room temperature. The ink is heated above its melting point and is ejected as droplets onto a drum, the temperature of which is lower than the melting temperature of the ink. Many of the print quality attributes of the solid inkjet printer are largely determined by the intermediate image formed on the drum surface.
In an isothermal droplet impact where the droplet and substrate have the same temperature, the final contact angle is an equilibrium contact angle, which is determined by the droplet material, substrate material and temperature. During the printing-on-drum process as mentioned above, the final contact angle does not represent a three-phase thermal equilibrium state. This final contact angle is referred to as apparent solidification contact angle, which has been the focus of the present work.
There is a large literature base on droplet impaction on solid surfaces, and most of these studies [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] have focused on the spreading diameter and splat height. Apparent contact angle was also investigated in some previous works [14] [15] [16] [17] [18] [19] . Bhola and Chandra [16] observed the apparent dynamic contact angles of 2 mm single molten paraffin wax droplets impacting on a stainless steel surface with three substrate temperatures, T s . With the melting temperature of the paraffin wax being 70
• C, impaction under T s = 40
• C and 73
• C ended up with the same contact angle as the equilibrium contact angle at 73
• C, while a larger contact angle was formed at T s = 23
• C. Attinger et al. [17] recorded the evolution of dynamic contact angle during the deposition of molten solder droplets on solid substrates, and concluded that the contact angle dynamics was strongly coupled to the evolution of the droplet free surface, and no quantitative agreement with Hoffman's law [20] was found. Schiaffino and Sonin [14] studied the apparent dynamic contact angles formed by continuous droplet deposition on a homologous substrate, where the droplets and substrate were the same material. The contact angle was correlated with Stephan and capillary numbers. For homologous droplet impaction with a low Weber number (We 1) and negligible viscosity effect, Schiaffino and Sonin [15] assumed the final shape of the droplet as a spherical cap and proposed a model to predict the apparent solidification contact angle depending on the Stefan number and materials. Sikalo et al. [19] experimentally and numerically investigated the dynamic contact angle of isothermal impaction of single droplets on substrates with different wettabilities.
All these early studies [14] [15] [16] [17] [18] [19] show that the evolution of apparent dynamic contact angle can be affected by several factors such as substrate temperature, droplet size and velocity, droplet and substrate materials and so on. It was also found that the apparent dynamic contact angle had significant effect on the impaction dynamics [4, 17, 18] . However, still no systematic study has been done on the variations of apparent solidification contact angle with impact conditions, including substrate temperature, droplet velocity, droplet and substrate materials etc. This work experimentally investigates one aspect of the printing process on the drum surface in solid inkjet printers by considering single droplets of hot-melt ink impacted on solid surfaces. Apparent solidification contact angle, which is called apparent contact angle hereafter, was investigated. Various types of substrates, substrate temperatures, flight distances of droplets, and jetting temperatures were examined. Figure 1 illustrates the experimental setup, which comprises a printhead (Phaser 860 provided by Xerox Corporation) and a substrate. A droplet, initially at T j , is ejected out of the printhead. After flying a distance L, the droplet impacts a solid surface, the temperature of which is denoted by T s . Both T j and T s were well controlled with a fluctuation range of ±0.5
EXPERIMENTAL DETAILS

Experimental setup
• C. The droplet temperature upon impact is the impact temperature T d . Four experimental parameters were varied to change the impact conditions, namely the type of substrate surface, the distance L, the substrate temperature T s , and the jetting temperature T j . Three types of substrates were used. One was an uncoated aluminum substrate. The roughness of this uncoated surface was measured to be 0.05 µm (average roughness). The second was a Viton-coated substrate obtained by dip coating the aluminum substrate with a Viton (DuPont, Wilmington, DE) layer 1.8 µm thick. By using Scanning Electron Microscopy (SEM), it was found that there was no significant difference between these two surfaces in terms of roughness. The third type of substrate was made by depositing a silicone oil layer 1 to 2 µm thick on the aluminum substrate surface, which is referred as silicone-oil coated substrate hereafter. The substrates were put at two locations, L = 0.5 mm and 1 mm from the printhead. The substrate temperature was in the range from 60
• C to 80
• C. Two jetting temperatures, T j = 140 • C and 145
• C, were examined. As listed in Table 1 , four sets of experiments, which are referred to as features low surface tension. Table 2 lists the properties of ColorStix 8200, Viton, aluminum and silicone oil.
Visualization
Conventional optical visualization methods cannot provide satisfactory resolution for such small droplets. In the present work, SEM was used to record pictures of droplets at room temperature. To prove the feasibility of this method, an experiment was conducted. A droplet impacted on the uncoated substrate at T s = 80
• C, and 5 minutes after the impaction the substrate temperature was reduced to a lower T s . There was always a 5-minute annealing before reducing the substrate temperature. Figure 3 shows the images taken in situ, and there is no visible change in the droplet shape. Therefore, each droplet was annealed for 5 minutes at its impact substrate temperature before naturally cooling down to room temperature, and then SEM was used to record images at room temperature. Great care has been taken during conductive coating deposition and SEM imaging processes to prevent the droplets from being damaged due to excessive heating.
Droplet size, velocities and temperatures
A high-speed video camera was used with a microscope lens to observe the droplets in flight and to measure the droplet size and velocity. The droplet was observed to be spherical at L = 0.5 mm. This indicates that the droplet was not in the excited state for the two distances, L = 0.5 mm and 1 mm. The droplet diameter, D, was 39 µm. The droplet velocity, U , at L = 0.5 mm was 2.81 m/s, and it decreased to 2.56 m/s at L = 1 mm.
The in-flight cooling of droplets, which was usually neglected in early studies [3, 14, 16] , was considered. When flying from the printhead to substrate surface, the droplet is decelerated due to air drag, and its temperature decreases due to convective heat transfer. The Biot number of the droplet was estimated to be less than 0.1, and the lumped capacitance method [21] , therefore, was employed. This heat transfer problem was numerically solved by considering the instantaneous droplet velocity. The results show that the droplet temperature decreases from
• C at L = 1 mm. These two temperatures are the impact temperatures of droplets at the two flight distances. The calculation shows that increasing the jetting temperature to T j = 145
• C causes the two impact temperatures to increase by around 5 • C.
RESULTS
Equilibrium contact angles and thermal effects of substrate surfaces
The wettability of substrate has been observed to have effects on the droplet impaction dynamics [2, 9, 18] . Therefore, the apparent contact angle could be affected by the wettability of substrate. In view of this, we first measured the equilibrium contact angle θ e of the ink on the three types of surfaces. Due to the nonexistence of three-phase thermal equilibrium at the dropletsubstrate contact line, no equilibrium contact angles exist under the experimental conditions to be presented in this paper. Hence, θ e was measured at 120
• C, 5
• C higher than the liquidus temperature of the ink. Small lumps of solid ink were chosen and weighed. The mass of ink lump, m, was used to calculate the volume of molten droplet and its Bond number. The Bond number compares the gravitation with the surface tension and is defined as
The ink lumps were placed on the substrate surface when T s was 75
• C, and then T s was increased to 110
• C. At 110
• C, the ink quickly melted and spread. After the ink reached a stationary state, T s was slowly increased to 120
• C. Figure 4 shows three molten droplets in equilibrium states on the three substrates.
Several lumps of ink with different masses were used, and θ e was estimated by linearly fitting the measurements to zero Bond number. With this method, θ e was found to be 28
• for the silicone-oil coated surface, and 12
• for the Viton-coated surface. The ink on the uncoated surface spread into a very thin flat layer. The contact angle was between 0.8
• and 1.1
• and did not vary with the melt volume significantly. Hence, simply averaging all the measurements, θ e on the uncoated surface was estimated to be 1
• . Since the thermal conductivity of aluminum is much higher than that of Viton and silicone oil (see Table 2 ), here we compare the thermal resistance of Viton and silicone oil layers with that of the ink droplet, as:
where R d is the thermal resistance of droplet, and R, k and l are the thermal resistance, conductivity and thickness of Viton or silicone oil layer. This thermal resistance ratio is 0.05 for the Viton coated substrate, and 0.09 for the silicone oil coated substrate. Therefore, the thermal resistances of Viton layer and silicone oil layer are negligible.
Droplets impacted on substrate surfaces
Figures 5 through 8 present the final shapes of droplets impacted on the three types of substrates under different impact conditions. It can be seen that not only the droplet shape but also the surface texture varies with the type of substrate, substrate temperature, flight distance and jetting temperature. Generally, the droplets impacted at L = 1 mm assume regular shapes and smooth textures as compared with those at L = 0.5 mm. Figure 5 shows the droplets impacted on the uncoated aluminum substrate with T j = 140
• C. Droplets impacted at low substrate temperatures and L = 0.5 mm have thin skirts on the droplet edges, suggesting that the droplets recoiled with their contact lines arrested after the spreading process. The size of skirt diminishes as the substrate temperature increases. At T s = 80
• C, no appreciable difference between the two distances is observed. As shown in Fig. 6 , droplets impacted on the Vitoncoated substrate under the condition of low substrate temperatures and L = 0.5 mm show jagged edges.
A different type of droplet edge appears on the silicone-oil coated substrate, as shown in Fig. 7 . A jagged edge can be see at T s = 60
• C and L = 0.5 mm, but as substrate temperature increases one can see "concave steps" formed near the contact line. A possible reason is that the droplet needs to push away some silicone oil when spreading, and the impaction dynamics near the contact line is affected by the resistance from the silicone oil layer. This effect was significant at L = 0.5 mm where the droplets had higher impact velocity and temperature than those at L = 1 mm. Using the uncoated aluminum substrate but higher jetting temperature T j = 145
• C, Fig. 8 shows very different pictures than Fig. 5 . Larger skirts are formed at L = 0.5 mm, showing stronger recoil of the droplets with T j = 145
• C. Additionally, steps can be seen at L = 0.5 mm, which become smaller as the substrate temperature decreases.
A common observation made from Figs. 5-8 is that droplets impacted at L = 0.5 mm show rough surface textures. This could be due to the droplet crystallization, which is affected by the flow and thermal histories of droplets during impact.
Apparent solidification contact angles
Before presenting the measurements of apparent contact angle, we conduct an analysis, which will contribute to the discussion later. In the present work, when a droplet starts spreading on a sub-cooled surface, a portion of the kinetic energy is consumed by viscous dissipation, and the remaining kinetic energy flattens the droplet, causing the increase of surface energy. Strictly speaking, there is never complete solidification during the impaction process, since all the substrate temperatures employed are within the mushy zone (between solidus temperature 60
• C and liquidus temperature 115
• C) of the ink. However, both viscosity and surface tension increase during the impaction process, due to the temperature dependence of both properties (see Fig. 2 ). Bennett and Poulikakos [2] concluded that surface tension effect dominates the termination of droplet spreading over viscous effect when We 2.8Re
where We = ρU 2 D/σ and Re = ρU D/µ. In the present work, when T j = 140
• C, Weber numbers are 8.8 and 7.3 at L = 0.5 mm and 1 mm, respectively, and the corresponding Reynolds numbers are 7.7 and 6.4. Hence, the corresponding values on the right hand side are 7.5 and 7.2, respectively. Therefore, the viscous dissipation has a significant effect.
A more substantial support for this conclusion can be found by evaluating a dimensionless number,
Ca is called the capillary number, in which the velocity of the moving contact line is approximated as the droplet impact velocity. The variations of viscosity and surface tension with temperature as shown in Fig. 2 were used to evaluate the change in capillary number with temperature. Since the surface tension was measured only at three temperature points, linear interpolation and extrapolation were applied to estimate surface tension at other temperature points. The results are presented in Fig. 9 , where one can see that the capillary number increases linearly from 1.2 at 140 • C to 3.9 at 94 • C and sharply increases afterwards. This indicates that surface tension has only a minor effect at the beginning of droplet impact, and that the domination of viscous effect increases as the droplet impact proceeds. Therefore, the droplet impaction is a coupling process of viscous damping and impact inertia. More discussion will be given after presenting the measured apparent contact angle.
A drop-shape analysis software (DropSnake and LB-ADSA, The National Institutes of Health, Bethesda, MD) was used to determine the apparent contact angle by finding the local tangent angle to the droplet edge. The method is illustrated in Fig.  10 . Two angles, θ l and θ r , were measured, and the average of which was considered as the contact angle, θ s . The measurement results are presented for the four cases as shown in Table 1 . To clearly show the tendencies, simple linear fittings were conducted with respect to substrate temperature. Figure 11 compares the uncoated aluminum substrate with the Viton-coated substrate with T j = 140
• C (Cases 1 and 2). The apparent contact angle decreases with increasing substrate temperature. Apparent contact angles formed at L = 1 mm are larger than those formed at L = 0.5 mm. This is because the impact velocity and temperature at L = 0.5 mm are higher than those at L = 1 mm. As discussed above, the droplet impaction in the present work is a coupling process of viscous damping and inertia-driven impact. We compare this coupling effect at the two distances by comparing the Reynolds numbers of the droplet at these distances, as:
Interpolating from Fig. 2 , viscosity of droplet is 11.5 cP (centipoise) at L = 0.5 mm
The Reynolds number ratio is around 1.22, which indicates that the viscous damping has more effect at L = 1 mm. Hence, larger apparent contact angles are formed L = 1 mm due to early arrest of contact line or less recoiling. Figure 11 also shows that the slopes at L = 1 mm are steeper than those at L = 0.5 mm for both substrates, showing a higher sensitivity to the substrate temperature at L = 1 mm. As the substrate temperature rises, the effect of viscous damping decreases. Supposing that the decrease of substrate temperature causes the average viscosity of the impacting droplet to increase by µ, then the effect of this change can be evaluated by µ/ρU D. Since the impact velocity U is lower at L = 1 mm, the value of µ/ρU D is larger at L = 1 mm than that at L = 0.5 mm. This implies that the droplet impaction at L = 1 mm is more sensitive to the variation of substrate temperature.
Generally, the contact angles formed on the uncoated aluminum substrate are smaller than those on the Viton-coated substrate, showing the effect of wettability. However, exceptions can be found at T s = 60
• C and 65
• C with L = 1 mm, where larger contact angles are formed on the uncoated aluminum substrate. This is similar to the phenomenon observed in Schiaffino and Sonin [15] that early contact line arrest by freezing can induce behavior similar to the effect of a large equilibrium contact angle. For both substrates, contact angles formed at these two distances tend to be equal as the substrate temperature increases. This is due to the low viscous effect at high substrate temperature. Figure 12 shows the comparison between the Viton-coated substrate and the silicone-oil coated substrate (Cases 2 and 3). One can see that the comparison does not show the effect of equilibrium contact angle, which has been observed in the comparison of the Viton-coated substrate with the uncoated substrate in Fig. 11 . This is because the existence of a liquid layer of silicone oil on the solid surface affects not only the wettability but also the fluid dynamics near the contact line. A portion of the kinetic energy of the droplet is consumed on the droplet edge to push away some silicone oil. This is evident in Fig. 7 , where the effect of the silicone oil layer can be seen on the droplet edges at L = 0.5 mm. At L = 1 mm, due to a lower impact velocity, the apparent contact angles are mainly affected by the resistance of silicone oil and the viscous damping inside the droplets, remaining almost constant for all substrate temperatures. However, the apparent contact angles formed at L = 0.5 mm are found to increase with substrate temperature from 60
• C to 75
• C, but decrease from 75 • C to 80
• C (see Fig. 12 ). At low substrate temperatures, the apparent contact angles are due to the coupling effect of spreading and viscous damping. As the substrate temperature increases, the droplet tends to spread more, and the resistance from the silicone oil tends to prevent the contact line from further spreading, thereby causing the apparent contact angle to increase. The decrease of apparent contact angle from T s = 75
• C is mainly due the weak effect of viscous damping at high substrate temperature and also due to the decrease of viscosity of silicone oil. Figure 13 shows the apparent contact angles formed on the uncoated aluminum substrates with two jetting temperatures: T j = 140
• C and 145
• C (Cases 1 and 4) . First, the apparent contact angles formed with the higher jetting temperature are smaller than those formed with lower jetting temperature. As mentioned above, the droplet impact temperatures in the case of T j = 145
• C are five degrees higher than those in the case of T j = 140
• C, and the viscous effect lessens as the droplet temperature increases. Second, the apparent contact angles formed at L = 1 mm are less dependent on the substrate temperature in the case of T j = 145
• C than in the case of T j = 140
• C. The effect of varying the jetting temperature dwindles as the substrate temperature increases to 80
• C.
DISCUSSION
The experimental results presented above show that the apparent contact angles vary with the type of substrate and substrate temperature, which are also the major factors in affecting the equilibrium contact angles. However, the results also show the significant effect of droplet flight distance, which changes the impact velocity and temperature of the droplet, as well as the jetting temperature. All these factors considered in the present work affect the fluid behavior near the contact line of the droplet during impact, which, in turn, affects the evolution of the droplet free surface. The evolution of free surface near the contact line eventually manifests itself in the formation of solidification contact angle. Gao and Sonin [3] concluded that a solidified droplet possesses an apparent static contact angle which is a property of the molten material, the substrate material and the substrate temperature, but is independent of the spreading process. In the other words, the droplet impaction could end up with a spherical sessile droplet due to a mechanical but not a thermal equilibrium shape, if the solidification time was much longer than the impaction time. Therefore, apparent contact angles could be calculated using the geometric relations for a spherical cap. Before evaluating the applicability of this method to the present work, we will first conduct an analysis on the time scales of droplet impact and solidification.
Gao and Sonin [3] proposed a simple model to estimate the solidification time scale of a molten droplet impacting on a cold solid surface, which can be rearranged as
Here λ and St are the superheat parameter and Stefan number, respectively. The expressions for these two parameters are
In the present case, the term ln(λ + 1) ranges from 0.27 to 0.47, and St is 0.676. The latent heat, L f , has been assumed to liberate uniformly over the melting range of 60 • C to 115
• C. Besides, the ratio of thermal conductivities is of the order of 10 −3 .
Hence, Eq. (6) can be simplified as
In the present work, The Ohnesorge number, Oh = µ(ρDσ ) −0.5 , is 0.36. According to Schiaffino and Sonin [15] , the characteristic spreading time t spr. under the condition of We 1 and Oh We 0.5 can be approximately estimated by
Hence, combining Eqs. (7) and (8), the ratio of the spreading and solidification time scales in the present work can be estimated by
Pr (9) where Pr is the Prandtl number, which is expressed by Pr = µC p /k d . The calculation results are 0.0055 and 0.005 for L = 1 mm and 0.5 mm, respectively. This indicates that the spread time is 3 orders of magnitude lower than the solidification time. This result seems to justify using the following geometric relations to calculate the apparent contact angles for our case.
where h is the height of the sessile droplet, and θ c is the apparent angle obtained via this method. The first relation is for blunt angles, while the second is for sharp angles.
Only Cases 1 and 2 are considered here. The heights of the droplets impacted on the uncoated aluminum and Viton-coated substrates (T j = 140
• C) are measured, which are then used to calculate the angles θ c . The difference between the calculated and measured angles, θ s − θ c , is plotted in Fig. 14 , and dramatic differences can be found. For instance, under the condition of L = 0.5 mm and T s = 60
• C on the uncoated surface θ s is 35
• smaller than θ c , while under the condition of L = 1 mm on the Viton-coated surface θ s is very close to θ c . Several observations can be made from Fig. 14 . First, θ s is generally smaller than θ c . Second, for both distances, larger differences are observed on the uncoated aluminum substrate; for both substrates, larger differences occur at L = 0.5 mm. Third, as T s increases, the difference decreases for the case of L = 0.5 mm, but increases in the case of L = 1 mm. Fourth, as T s increases, the difference caused by the flight distances L diminishes. All these observations from Fig. 14 show that the final shape of the droplet deviates from the shape of a spherical cap to varying degrees depending on the impact condition. In the time scale analysis above, the bulk solidification of the droplet is considered. Since all the substrate temperatures employed are less than 90
• C where the ink is highly viscous, the contact line is arrested due to the formation of a highly viscous layer at the droplet-substrate interface. Upon the arrest of contact line, the remaining part of the droplet would retract, thereby causing smaller contact angles that those determined using Eq. (10) . No information is available for a detailed discussion due to the difficulty in visualizing the dynamic impaction of such small droplets. Below a temperature analysis to estimate the formation of the highly viscous layer in the droplet is shown.
A thermal resistance analysis shows that the internal resistance of an ink droplet is three orders of magnitude higher than that of the substrate and more than one order of magnitude lower than the air. Therefore, we consider a one-dimensional heat conduction problem in a finite slab with an insulated boundary and a constant temperature boundary. Simplifying the method in Bulavin and Kashcheev [22] to one slab, the solution to this problem is
where h is the thickness of the slab, and x is the distance from the ink-substrate interface. The thickness of the slab h is approximated as 20 µm, the average of droplet heights in the present work.
By using Eq. (11), we can find two temperature fronts: viscous front (T = 90 • C) and mushy front (T = 115
• C) at maximum spreading time scales given by Eq. (8). Here we only consider T j = 140
• C and neglect the thermal effect of coating layer. Figure 15 shows that the thickness of the two layers for different substrate temperatures T s and distances L. Both layers are thicker at L = 1 mm, and their thickness decreases as T s increases. This corresponds to the analysis of viscous effect mentioned above. As mentioned in Fig. 5 , some skirts are observed on the droplet edges in the case of low substrate temperatures and L = 0.5 mm. In Fig.  16 , the droplets impacted at T s = 60
• C with L = 0.5 mm in Fig. 5 are enlarged to show the details on the edges. The skirt thicknesses were measured to be 1.6 µm and 1.2 µm (see Fig. 16 ), which are in between the mushy and viscous layer thicknesses as predicted in Fig. 15 . Due to the higher impact temperature and velocity at L = 1 mm, droplets may recoil after spreading. When recoiling, the fluid in the mushy and viscous layers (see Fig. 15 ) tends to remain and the rest of the droplet tends to withdraw, thereby forming skirts around the droplet edge. First, the droplet average temperature is lower at L = 1 mm than at L = 0.5 mm; second, droplets impacting at lower substrate temperatures have lower average temperatures. This supports the analysis of the viscous effect in the previous section.
CONCLUSIONS
The deposition of ink droplets in a solid inkjet printer was studied by considering single droplets impacting on sub-cooled solid surfaces. This work experimentally explores a range of ink-jet printing conditions by varying four parameters: the type of substrate, substrate temperature, distance between the substrate surface and printhead, and the printhead jetting temperature. Although the theoretical analysis shows that the solidification time scale is much longer than the impaction time scale, the apparent contact angle shows a strong dependence on the impact velocity and temperature of the droplet. This indicates a significant effect of flow history on the formation of apparent contact angle, and this effect lessens at high substrate temperatures. Smaller apparent contact angles are formed on the uncoated aluminum substrate than on the Viton-coated substrate, due to a better wettability of the aluminum surface. However, although the silicone-oil coated substrate shows the highest equilibrium contact angle, the existence of a silicone oil layer affects the fluid dynamics of the droplet edge, due to coupling of two fluids but not due to difference in wettability. It is also found that the deposited droplet deviates from the shape of a spherical cap to varying degrees depending on the impact conditions, and assuming a spherical cap could cause significant error in apparent contact angle.
